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(57) ABSTRACT

A semiconductor multi-layer substrate includes a substrate, a
buffer layer formed on the substrate and made of a nitride
semiconductor, an electric-field control layer formed on the
buffer layer and made of a nitride semiconductor, the electric-
field control layer having conductivity in the substrate’s lat-
eral direction, an electric-field relaxation layer formed on the
electric-field control layer and made of a nitride semiconduc-
tor, and an active layer formed on the electric-field relaxation
layer and made of an nitride semiconductor. A resistance in
the substrate’s lateral direction of the electric-field control
layer is equal to or smaller than 10 times a resistance of the
electric-field relaxation layer, and a ratio of an electric field
share between the electric-field relaxation layer and the buffer
layer is controlled by a ratio between a thickness of the
electric-field relaxation layer and a thickness of the buffer
layer.
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1
SEMICONDUCTOR MULTI-LAYER
SUBSTRATE AND SEMICONDUCTOR
ELEMENT

RELATED APPLICATIONS

The present application is National Phase of International
Application No. PCT/JP2013/068560 filed Jul. 5, 2013, and
claims priority from Japanese Application No. 2012-210914,
filed Sep. 25, 2012, the disclosure of which is hereby incor-
porated by reference herein in its entirety.

FIELD

The present invention relates to a semiconductor multi-
layer substrate and a semiconductor element.

A group-II1 nitride semiconductor (hereafter nitride semi-
conductor) such as GaN and the like gathers attention, as a
material for a next generation’s power semiconductor ele-
ment since it has a dielectric breakdown strength higher than
that of a silicon semiconductor. Since it is difficult to produce
a single-crystal substrate having a large aperture from the
nitride semiconductor, it is common that the nitride semicon-
ductor is grown on a substrate using a material that is different
from the nitride semiconductor, for example, a silicon sub-
strate or a sapphire substrate. In this case, in order to alleviate
a thermal expansion coefficient difference and a lattice con-
stant difference between the substrate and the nitride semi-
conductor, forming a buffer layer on the substrate allows an
epitaxial growth of the nitride semiconductor on a substrate of
a different kind preferably (see Patent Literatures 1 and 2).

CITATION LIST
Patent Literatures

Patent Literature 1: Japanese Laid-open Patent Publication
No. 2003-59948

Patent Literature 2: Japanese Laid-open Patent Publication
No. 2008-159621

SUMMARY
Technical Problem

A buffer layer disclosed in Patent Literature 1 has a struc-
ture in which a multi-layer structure of, for example, a first
layer made of AIN having a thickness of 0.5 to 50 nm and a
second layer made of GaN having a thickness of 0.5 to 200
nm, is repeated. However, a leakage current passing in a
direction perpendicular to a substrate (direction perpendicu-
lar to a main surface of the substrate, i.e., in which a nitride
semiconductor layer is layered) tends to increase in such a
configuration of the buffer layer, the nitride semiconductor
layer must be subjected to crystal growth of a sufficient thick-
ness to obtain necessary withstand voltage. Since crystal
growth time for the nitride semiconductor layer takes too long
in this case, there was a problem of worsened throughput or an
increase in necessary material gas, thus a production cost
increased.

On the other hand, a buffer layer disclosed in Patent Lit-
erature 2 is configured by a first layer made of GaN having a
200 nm to 1000 nm of thickness and a second layer made of
AIN having a 0.5 nm to 200 nm of thickness. A research
conducted so far by the inventors of the present invention
revealed that, in this configuration, a two-dimensional elec-
tron gas is produced at an interface of the AIN layer with the
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2

GaN layer at the top-most portion of the buffer layer. Herein
since the two-dimensional electron gas has conductivity in a
substrate’s lateral direction (a direction that is parallel with
the main surface of the substrate, i.e., a direction of a layer
surface of the nitride semiconductor layer) causes leaking.
Since the two-dimensional electron gas acts as an equipoten-
tial plane electrically, an electric field distribution is formed
in which an electric field is concentrated on the nitride semi-
conductor layer (for example, GaN layer) above the buffer
layer. As a result, leaking tends to increase between elec-
trodes in the lateral direction of the semiconductor element
using the buffer layer disclosed in Patent Literature 2, and in
the end, a total thickness, for ensuring the withstand voltage,
of the nitride semiconductor layers increases and a problem
occurs that is similar to that in a case of using the buffer layer
disclosed in Patent Literature 1.

The present invention has been made in view of the above
and an object of the present invention is to provide a semi-
conductor multi-layer substrate and a semiconductor element
that are capable of reducing the total thickness of the nitride
semiconductor layers relative to a necessary withstand volt-
age.

Solution to Problem

In order to solve the above problems and to attain the
object, according to an aspect of the present invention, there
is provided a semiconductor multi-layer substrate including a
substrate, a buffer layer formed on the substrate and made of
anitride semiconductor, an electric-field control layer formed
on the buffer layer and made of a nitride semiconductor, the
electric-field control layer having conductivity in the sub-
strate’s lateral direction, an electric-field relaxation layer
formed on the electric-field control layer and made of anitride
semiconductor, and an active layer formed on the electric-
field relaxation layer and made of an nitride semiconductor. A
resistance in the substrate’s lateral direction of the electric-
field control layer is equal to or smaller than 10 times a
resistance of the electric-field relaxation layer, and a ratio of
an electric field share between the electric-field relaxation
layer and the buffer layer is controlled by a ratio between a
thickness of the electric-field relaxation layer and a thickness
of the buffer layer.

In the semiconductor multi-layer substrate, the electric-
field relaxation layer may include a first field-relaxing layer
and a second field-relaxing layer being formed on the first
field-relaxing layer and having a layer structure different
from a layer structure of the first field-relaxing layer.

In the semiconductor multi-layer substrate, a ratio of a
distance between an upper surface of the electric-field relax-
ation layer and an upper surface of the electric-field control
layer relative to a sum of the thicknesses of the buffer layer,
the electric-field control layer, and the electric-field relax-
ation layer may be within a range of 0.3 to 0.8.

In the semiconductor multi-layer substrate, a ratio of a
distance between an upper surface of the electric-field relax-
ation layer and an upper surface of the electric-field control
layer relative to a sum of the thicknesses of the buffer layer,
the electric-field control layer, and the electric-field relax-
ation layer may be within a range of 0.3 t0 0.7.

In the semiconductor multi-layer substrate, a ratio of a
distance between an upper surface of the electric-field relax-
ation layer and an upper surface of the electric-field control
layer relative to the sum of the thicknesses of the buffer layer,
the electric-field control layer, and the electric-field relax-
ation layer may be within a range of 0.4 t0 0.7.



US 9,276,066 B2

3

In the semiconductor multi-layer substrate, a relationship
ot 0.3=a/(a+b)=<0.8 may hold true where a withstand voltage
is equal to or greater than Vb, a leakage current when the
voltage Vb is applied is equal to or smaller than IL, dtis a sum
of'a thickness of the active layer, the thickness of the electric-
field relaxation layer, a thickness of the electric-field control
layer, and the thickness of the buffer layer, a is a thickness of
an area, including the active layer and the electric-field relax-
ation layer, of which resistance per thickness is greater than a
value indicated as Vb/(IL-dt), and b is a thickness of an area,
including the electric-field control layer and the buffer layer,
of which resistance per thickness is greater than a value
indicated as Vb/(IL-dt).

In the semiconductor multi-layer substrate, a relationship
ot 0.3=a/(a+b)=<0.7 may hold true where a withstand voltage
is equal to or greater than Vb, a leakage current when the
voltage Vb is applied is equal to or smaller than IL, dtis a sum
of'a thickness of the active layer, the thickness of the electric-
field relaxation layer, a thickness of the electric-field control
layer, and the thickness of the buffer layer, a is a thickness of
an area, including the active layer and the electric-field relax-
ation layer, of which resistance per thickness is greater than a
value indicated as Vb/(IL-dt), and b is a thickness of an area,
including the electric-field control layer and the buffer layer,
of which resistance per thickness is greater than a value
indicated as Vb/(IL-dt).

In the semiconductor multi-layer substrate, a relationship
ot 0.4=a/(a+b)<0.7 may hold true where a withstand voltage
is equal to or greater than Vb, a leakage current when the
voltage Vb is applied is equal to or smaller than IL, dtis a sum
of'a thickness of the active layer, the thickness of the electric-
field relaxation layer, a thickness of the electric-field control
layer, and the thickness of the buffer layer, a is a thickness of
an area, including the active layer and the electric-field relax-
ation layer, of which resistance per thickness is greater than a
value indicated as Vb/(IL-dt), and b is a thickness of an area,
including the electric-field control layer and the buffer layer,
of which resistance per thickness is greater than a value
indicated as Vb/(IL-dt).

In the semiconductor multi-layer substrate, a relationship
01 0.3=c/(c+d)=<0.8 may hold true where c is a thickness of an
area, including the active layer and the electric-field relax-
ation layer, of which carbon density is 1x10"® cm™ to 1x10?°
cm™>, and d is a thickness of an area, including the electric-
field control layer and the bufter layer, of which carbon den-
sity is 1x10"® cm™ to 1x10°° cm™.

In the semiconductor multi-layer substrate, a relationship
01 0.3=c/(c+d)=<0.7 may hold true where c is a thickness of an
area, including the active layer and the electric-field relax-
ation layer, of which carbon density is 1x10"® cm™ to 1x10?°
cm™>, and d is a thickness of an area, including the electric-
field control layer and the bufter layer, of which carbon den-
sity is 1x10"® cm™ to 1x10°° cm™.

In the semiconductor multi-layer substrate, a relationship
01 0.4-¢/(c+d)=<0.7 may hold true where c is a thickness of an
area, including the active layer and the electric-field relax-
ation layer, of which carbon density is 1x10"® cm™ to 1x10?°
cm™>, and d is a thickness of an area, including the electric-
field control layer and the bufter layer, of which carbon den-
sity is 1x10"® cm™ to 1x10°° cm™.

In the semiconductor multi-layer substrate, the resistance
in the substrate’s lateral direction of the electric-field control
layer may be equal to or smaller than 10 times the resistance
of the electric-field relaxation layer.

In the semiconductor multi-layer substrate, the electric-
field control layer may have a multi-layer structure including
a first layer made of Al Ga, N (0=x<1) and a second layer
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having a band-gap wider than a band-gap of'the first layer and
being made of Al Ga, N (0<ysl).

In the semiconductor multi-layer substrate, the electric-
field control layer may have an area of which resistance is
reduced by doping an impurity.

In the semiconductor multi-layer substrate, in the electric-
field relaxation layer, the second electric-field relaxation
layer may be configured by a single layer made of a single
composition, and the first electric-field relaxation layer is
configured by a multi-layer structure of a first portion of
which composition is the same as a composition of the second
electric-field relaxation layer and a second portion of which
composition is different from the composition of the second
electric-field relaxation layer in an order from a side closer to
the substrate, and the second portion has a thickness so that a
resistance in the substrate’s lateral direction at a portion
where the first portion is connected to the second portion is
larger than Y10 of the resistance of the second electric-field
relaxation layer.

In the semiconductor multi-layer substrate, in the electric-
field relaxation layer, the second electric-field relaxation
layer may be configured by a single layer made of a single
composition, and the first electric-field relaxation layer has a
structure in which each of Al Ga, N (0<z<1) layers of which
thickness is 5 nm to 20 nm and each of Al Ga, N (O<w=l
and z<w) layers of which thickness is 5 nm to 20 nm are
layered several times alternately and repeatedly.

In the semiconductor multi-layer substrate the first field-
relaxing layer of the electric-field relaxation layer may be
configured by AlGaN having a composition in which a band-
gap decreases from the substrate side toward the active layer
side.

In the semiconductor multi-layer substrate, in the electric-
field relaxation layer, the first field-relaxing layer may be
made of a plurality of AlGaN layers having different compo-
sitions in which band-gaps are narrowed from the substrate
side toward the active layer side.

In the semiconductor multi-layer substrate, the buffer layer
may have a structure in which each of Al, Ga, N (0su<1)
layers of which thickness is 0.1 pm to 0.8 pm and each of
AlvGa, N (0O<v=] and u<v) layers of which thickness is 20
nm to 60 nm are layered several times alternately and repeat-
edly.

In the semiconductor multi-layer substrate, the active layer
may have a multi-layer structure of an electron transit layer
and an electron supply layer being formed on the electron
transit layer and having a band-gap wider than a band-gap of
the electron transport layer.

According to another aspect of the present invention, there
is provided a semiconductor element including two or more
electrodes formed on the active layer of the semiconductor
multi-layer substrate.

In the semiconductor element according, the electrodes
may include a Schottky electrode being formed on the active
layer and being subjected to Schottky contact with the active
layer and an ohmic electrode formed on the active layer and
being subjected to ohmic contact with the active layer.

In the semiconductor element, the electrodes may include
two ohmic electrodes being formed on the active layer and
being subjected to ohmic contact with the active layer and a
Schottky electrode being formed on the active layer, being
disposed between the two ohmic electrodes, and being sub-
jected to Schottky contact with the active layer.

In the semiconductor element, the electrodes may include
two ohmic electrodes being formed on the active layer and
being subjected to ohmic contact with the active layer, an
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insulation film formed on the active layer and disposed
between the two ohmic electrodes, and an electrode formed
on the insulation film.

In the semiconductor element, the active layer may have a
multi-layer structure of an electron transit layer and an elec-
tron supply layer being formed on the electron transit layer
and having a band-gap wider than a band-gap of the electron
transport layer, and a formula (1) below holds true:

do +d; . &
di+dy +d;  eng(d) +dy+d3)

M

V-V

where e is elementary charge, n, is a concentration of
two-dimensional electron gas at an interface between the
electron transit layer and the electron supply layer, d, is a
thickness of the electron transit layer, d, is distance between
an upper surface of the electric-field relaxation layer and an
upper surface of the electric-field control layer, d, is a thick-
ness of the electric-field control layer, d; is a thickness of the
buffer layer, € indicates dielectric constant of the electron
transit layer and the electric-field relaxation layer, V is a
voltage applied to the electrode, and V|, is potential of the
electric-field control layer.

In the semiconductor element, a formula (2) below may
hold true.

do+di e 1

L. v 2
di+dy+ds  eng dy+2(dy+d3)

In the semiconductor element according to the present
invention, a formula (3) below holds true.

do +d; & Vv
> —
di+dy+dy ~ enfdi+dr+d3) 2

©)

In the semiconductor element according to the present
invention, a formula (4) below holds true:

)

where R[] is a specification value for an on-resistance
required for the semiconductor element, r,  [Q-[]] is an
average value for a sheet resistance between the electrodes,
N, [cm™] is an average value for carrier density between the
electrodes, L. is an inter-electrode distance between the
electrodes, and W is width of a path of an electric current
between the electrodes.

Advantageous Effects of Invention

The present invention obtains an effect of reducing the total
thickness of the nitride semiconductor layers relative to the
necessary withstand voltage.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 is a schematic cross section of a semiconductor
element according to an embodiment 1.
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FIG. 2A is a view showing a relationship between a ratio of
a thickness of an electric-field relaxation layer relative to a
sum of the thickness of the electric-field relaxation layer and
athickness of abuffer layer and a total thickness for achieving
a semiconductor element of a 600 V or 1200V of withstand
voltage.

FIG. 2B is a view showing an equivalent circuit for calcu-
lating the relationship shown in FIG. 2A.

FIG. 3A is a view showing a relationship between a ratio of
a resistance of an electric-field control layer in a substrate’s
lateral direction necessary to achieve the semiconductor ele-
ment of the 600V and 1200V of withstand voltage relative to
the resistance ofthe electric-field relaxation layer and the sum
of the thicknesses.

FIG. 3B is a view showing an equivalent circuit for calcu-
lating the relationship shown in FIG. 3A.

FIG. 4 is a schematic cross section of a semiconductor
element according to an embodiment 2.

FIG. 5 is a schematic cross section
element according to an embodiment 3.

FIG. 6 is a schematic cross section
element according to an embodiment 4.

FIG. 7 is a schematic cross section
element according to an embodiment 5.

FIG. 8 is a schematic cross section
element according to an embodiment 6.

FIG. 9 is a schematic cross section
element according to an embodiment 7.

FIG. 10 is a schematic cross section of a
element according to an embodiment 8.

FIG. 11 is a schematic cross section of a
element according to an embodiment 9.

FIG. 12 is a schematic cross section of a semiconductor
element according to an embodiment 10.

FIG. 13 is a view for explaining a width of an electric
current path.
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of a semiconductor

of a semiconductor
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of a semiconductor
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DESCRIPTION OF EMBODIMENTS

Hereafter embodiments of the semiconductor multi-layer
substrate and the semiconductor element according to the
present invention will be described in detail with reference to
the drawings. The embodiments do not limit the present
invention. In the drawings, the same or corresponding struc-
tural elements are assigned with the same reference numerals
if necessary. It should be noted that the drawings show sche-
matic examples. Accordingly, a relationship between respec-
tive elements may be different from real values. Among the
drawings, there may be parts where the relationships and
ratios of the shown sizes are different from one another.

Embodiment 1

FIG. 1 is a schematic cross section of a semiconductor
element according to an embodiment 1. A semiconductor
element 100A is a Schottky Barrier Diode (SBD) including a
semiconductor multi-layer substrate 10, and an anode elec-
trode A as an ohmic electrode and a cathode electrode C as a
Schottky electrode formed on the semiconductor multi-layer
substrate 10.

The semiconductor multi-layer substrate 10 includes a sub-
strate 11, a buffer layer 12 formed on the substrate 11, an
electric-field control layer 13 formed on the buffer layer 12,
an electric-field relaxation layer 14 formed on the electric-
field control layer 13, and an active layer 15 formed on the
electric-field relaxation layer 14. The buffer layer 12, the
electric-field control layer 13, the electric-field relaxation
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layer 14, and the active layer 15 are formed on the substrate 11
by epitaxial growth in this order by, for example, an metalor-
ganic chemical vapor deposition (MOCVD) method.

The substrate 11 is an Si (111) substrate. However its main
surface may be of an slight slant from a (111) plane within a
range of £10°.

The buffer layer 12 has a configuration in which an AIN
layer 124 and an AlGaN layer 125 are layered in this order,
and C—@GaN layers 12¢, 12e¢, and 12g as GaN layers doped
with carbon (C) and AIN layers 124, 12f, and 12/ are layered
alternately several times on the AlGaN layer 1256. The buffer
layer 12 has a function of alleviating a thermal expansion
coefficient difference and a lattice constant difference
between the substrate 11 made of Si and a nitride semicon-
ductor layer which is to be layered on the buffer layer 12.

It is preferable that the AIN layers 12a, 124, 12f; and 12/
made of AIN be equal to or greater than 20 nm in thickness
since an increase in leakage current is restrained, and that the
AN layers 12a, 12d, 12f, and 12/ be equal to or smaller than
60 nm in thickness since a warp or a crack is restrained from
being produced on the nitride semiconductor layers on the
substrate 11 easily.

It is preferable that the C—GaN layers 12¢, 12e, and 12¢g
made of GaN be thick to improve withstand voltage of the
semiconductor element 100A to a degree that a warp of a
crack can be restrained easily from being produced on the
nitride semiconductor layers on the substrate 11. Preferable
thicknesses of the C—GaN layers 12¢, 12¢, and 12g are, for
example, 0.1 pm to 0.8 um.

It is preferable that the number of pairs of the C—GaN
layer and the AIN layer be equal to or greater than three to
reduce a dislocation in the active layer 15 formed on the
buffer layer 12, and it is preferable the number of pairs be
equal to or smaller than six to easily restrain a warp or a crack
from being produced in the nitride semiconductor layers on
the substrate 11.

The electric-field control layer 13 has a structure in which
aC—GaN layer 13q as a first layer and an AIN layer 13b as a
second layer are layered. A preferable thickness of the
C—G@GaN layer 13a is, for example, 0.1 pm to 0.8 um. A
preferable thickness of the AIN layer 135 is, for example, 20
nm to 60 nm. Two-dimensional electron (2 DEG) gas is
produced at an interface of the C—GaN layer 13a with the
AlN layer 135. Therefore, since a plane having a conductivity
in the substrate’s lateral direction (i.e., a direction of a layer
surface of the nitride semiconductor layers on the substrate
11) at the interface of the C—GaN layer 13a with the AIN
layer 135 is formed, the electric-field control layer 13 func-
tions as a layer having the conductivity. The electric-field
control layer 13 is not limited to be of an AIN/C—GaN
structure but may be configured by an n-type GaN layer
reduced in resistance by doping with, for example, Si.

The electric-field relaxation layer 14 includes a first elec-
tric-field relaxation layer 14a and a second electric-field
relaxation layer 145 formed on the first electric-field relax-
ation layer 14a. The first electric-field relaxation layer 14a is
of'a multilayer structure in which pairs of the AIN layer and
the GaN layer are layered several times. It is preferable that
thicknesses of the respective AIN layer and the GaN layer be
within a range of, for example, 5 nm to 20 nm. It is preferable
that the thickness be equal to or greater than 5 nm since
uniformity in thickness of the respective layers are main-
tained within a surface of the substrate. If the thickness is
equal to or smaller than 20 nm, the 2 DEG is restrained from
being produced at the interface of the AIN layer with the GaN
layer, and thus the resistance in the substrate’s lateral direc-
tion is configured to be sufficiently high. On the other hand,
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the second electric-field relaxation layer 1454 is of a single
layer made of a single composition of C—GaN. As described
above, the first electric-field relaxation layer 14a and the
second electric-field relaxation layer 145 differ in their layer
structures. Herein the difference in the layer structure means
that these layers differ in their layering structures or compo-
sitions.

The active layer 15 is configured by an electron transit
layer 15a made of GaN and an electron supply layer 155 made
of AlGaN. 2 DEG, which becomes a channel, is produced at
an interface of the electron transit layer 154 with the electron
supply layer 1554. It is preferable that the electron supply layer
156 be 20 nm to 30 nm in thickness and 20% to 30% in Al
composition since it is possible to increase concentration of
the 2 DEG within a range not producing a crack. The electron
transit layer 15a may be configured by, for example, undoped
GaN or C—GaN. In a case where the electron transit layer
154 is made of C—GaN, it is preferable that a carbon density
be lower than 1x10'® cm™ from a view point of restraining
mobility of the two-dimensional electron gas from being
reduced. In a case where the carbon density of the electron
transit layer 154 is lower than 1x10*® cm™, orin a case of the
undoped GaN, it is preferable that the thickness of the elec-
tron transit layer 15a be optimized within a range of 50 nm to
1 um corresponding to the carbon density, so that a resistance
is to a degree that leaking is restrained. For example, in a case
of'a low carbon density, it is preferable that the thickness be
increased.

The anode electrode A is formed on the electron supply
layer 155 of the active layer 15 and is subjected to Schottky
contact with the 2-DEG channel of the active layer 15. The
anode electrode A is configured by, for example, a Ti/Al
structure (configuration of thickness is for example, 25
nm/200 nm). The cathode electrode C is formed on the elec-
tron supply layer 1556 of the active layer 15 and is subjected to
ohmic contact with the 2-DEG channel of the active layer 15.
The cathode electrode C is configured by, for example, an
Ni/AW/Ti structure (configuration of thicknesses is, for
example, 100 nn/250 nm/20 nm). A distance between the
anode electrode A and the cathode electrode C (inter-elec-
trode distance) of the semiconductor element 100A is indi-
cated by L. The inter-electrode distance is defined as a dis-
tance between ends of respective portions, contacting the
active layer 15, of the two electrodes.

Herein a plane having a conductivity in a substrate’s lateral
direction is formed at an AIN/GaN interface of the C—GaN
layer 13a with the AIN layer 135 of the electric-field control
layer 13 of the semiconductor element 100A, and the plain
functions as a layer having the conductivity. As a result, the
AIN/GaN interface acts to be always equipotential. By using
this property, it is possible to adjust ratios of electric fields
formed in the electric-field relaxation layer 14 and the buffer
layer 12 respectively at a reverse bias by setting ratios of the
thicknesses of the electric-field relaxation layer 14 and the
buffer layer 12 sandwiching the electric-field control layer
13. Optimization of the ratio allows reduction in the total
thickness of'the nitride semiconductor layers (i.e., total thick-
ness between the buffer layer 12 and the active layer 15
existing on the substrate 11) relative to a necessary withstand
voltage.

In other words, by interposing the electric-field control
layer 13 acting electrically as an equipotential plane between
the electric-field relaxation layer 14 and the buffer layer 12, it
is possible that three portions, i.e., the electric-field relaxation
layer 14 positioned in an area below the anode electrode A,
the electric-field relaxation layer 14 positioned below the
cathode electrode C, and the buffer layer 12 share the electric
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field, and its electric field share ratio can be controlled with a
ratio of the thickness of the electric-field relaxation layer 14
and the thickness of the buffer layer 12. Therefore, by opti-
mizing the ratio, it is possible to increase the withstand volt-
age of the nitride semiconductor layer per thickness greater
than that in a case where the electric-field control layer 13 is
not provided.

FIG. 2A is a view showing a relationship between a ratio of
thickness of the electric-field relaxation layer relative to the
sum of the thicknesses of the electric-field relaxation layer,
the electric-field control layer, and the buffer layer and the
total thickness achieving the semiconductor element of 600 V
or 1200 V of withstand voltage in a case where the semicon-
ductor element 100A is used with an anode ground. FIG. 2B
is a view showing an equivalent circuit for calculating the
relationship shown in FIG. 2A. An equivalent circuit C1 in
FIG. 2B includes a resistance R1, a resistance R2, and a
resistance R3. The resistance R1 corresponds to a resistance
in athickness direction of the electric-field relaxation layer 14
below the cathode electrode C. The resistance R2 corre-
sponds to a resistance in a thickness direction of the electric-
field relaxation layer 14 below the anode electrode A. The
resistance R3 corresponds to a sum of a resistance in a thick-
ness direction of the buffer layer 12 and a resistance in a
thickness direction of the electric-field control layer 13. A
reference symbol V indicates an external power source. A
resistance value of each of the resistances R1, R2, and R3 is
set in accordance with the ratio of the thickness of a corre-
sponding layer. Examples of reference values shown for the
resistances R1, R2, and R3 are 40 MQ, 40 MQ, and 40 M2 in
a case satisfying withstand voltage of 600 V and allowable
current of 10 pA when a horizontal axis in FIG. 2A is 0.5 and
the total thickness is 4 um.

In FIG. 2A, a state is assumed that the withstand voltage
reaches a level of not tolerating leaking if an electric field of
the electric-field relaxation layer 14 or the buffer layer 12
below the anode electrode A exceeds 1 MV/cm in the equiva-
lent circuit C1 in FIG. 2B. That is, the withstand voltage in
FIG. 2A is defined to be an applied voltage in a case where the
electric field of the electric-field relaxation layer 14 or the
buffer layer 12 below the anode electrode A is 1 MV/cm. In
addition, a case is assumed that resistivities of the buffer layer
12, the electric-field control layer 13, and the electric-field
relaxation layer 14 are uniform.

Moreover, (DISTANCE BETWEEN UPPER SURFACE
OF ELECTRIC-FIELD RELAXATION LAYER AND
UPPER SURFACE OF ELECTRIC-FIELD CONTROL
LAYER)Y/(ELECTRIC-FIELD RELAXATION LAYER+
ELECTRIC-FIELD CONTROL LAYER+BUFFER
LAYER) of the horizontal axis of FIG. 2A indicates the
thickness of the electric-field relaxation layer 14 relative to
the sum of the thicknesses of the electric-field relaxation layer
14, the electric-field control layer 13, and the buffer layer 12.
A case where the value of the horizontal axis is one is equiva-
lent to a case where there is not the electric-field control layer
13 substantially and the conductive substrate 11 acts as a layer
like the electric-field control layer having the conductivity in
the lateral direction, and the electric-field control layer 13 is
positioned closer to the active layer 15 if the value of the
horizontal axis is closer to zero.

FIG. 2A shows that, if the value of (DISTANCE
BETWEEN UPPER SURFACE OF ELECTRIC-FIELD
RELAXATION LAYER AND UPPER SURFACE OF
ELECTRIC-FIELD CONTROL LAYER)/(ELECTRIC-
FIELD RELAXATION LAYER+ELECTRIC-FIELD CON-
TROL LAYER+BUFFER LAYER) is equal to or smaller than
0.75, the withstand voltage per thickness improves by 20% in
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comparison to a case where there is not the electric-field
control layer 13 (in a case where the horizontal axis is one). It
is also shown that, if the value of (DISTANCE BETWEEN
UPPER SURFACE OF ELECTRIC-FIELD RELAXATION
LAYER AND UPPER SURFACE OF ELECTRIC-FIELD
CONTROL LAYER)/(ELECTRIC-FIELD RELAXATION
LAYER+ELECTRIC-FIELD CONTROL LAYER+
BUFFER LAYER) is approximately 0.5, that is, if the elec-
tric-field control layer 13 is disposed in the vicinity of a
midpoint of a thickness as that sum of the thickness of the
electric-field relaxation layer 14 and the thickness of the
buffer layer 12, the necessary withstand voltage can be
obtained with the smallest thickness and the necessary thick-
ness can be reduced by 33% at maximum in comparison to a
case where there is not the electric-field control layer 13.
Alternatively, if (DISTANCE BETWEEN UPPER SUR-
FACE OF ELECTRIC-FIELD RELAXATION LAYER
AND UPPER SURFACE OF ELECTRIC-FIELD CON-
TROL  LAYER)/(ELECTRIC-FIELD RELAXATION
LAYER+ELECTRIC-FIELD CONTROL LAYER+
BUFFER LAYER) exceeds 0.8, a layer having a thickness of
at least equal to or greater than 4 pum in a case of 600 V of
withstand voltage or a layer having a thickness of at least
equal to or greater than 8 um in a case of 1200 V of withstand
voltage must be configured by only the electric-field relax-
ation layer, thus there is a case where production thereof is
difficult. Therefore, as shown in FIG. 2A, (DISTANCE
BETWEEN UPPER SURFACE OF ELECTRIC-FIELD
RELAXATION LAYER AND UPPER SURFACE OF
ELECTRIC-FIELD CONTROL LAYER)/(ELECTRIC-
FIELD RELAXATION LAYER+ELECTRIC-FIELD CON-
TROL LAYER+BUFFER LAYER) is preferable to be within
a range of 0.3 to 0.8, more preferable to be within a range of
0.3 10 0.7, and further preferable to be within a range 0 0.4 to
0.7.

From the result of FIG. 2A, the thickness relative to the
necessary withstand voltage can be reduced by, for example,
making the thickness of the first electric-field relaxation layer
14a 1 pm to 4 um (the number of pairs of the AIN layer and the
GaN layer is, for example, 40 to 160), making the thickness of
the second electric-field relaxation layer 145 as a single layer
made of C—GaN 100 nm to 2 um, and making (DISTANCE
BETWEEN UPPER SURFACE OF ELECTRIC-FIELD
RELAXATION LAYER AND UPPER SURFACE OF
ELECTRIC-FIELD CONTROL LAYER)/(ELECTRIC-
FIELD RELAXATION LAYER+ELECTRIC-FIELD CON-
TROL LAYER+BUFFER LAYER) within a range of 0.3 to
0.8, preferably within a range of 0.3 to 0.7, and further pref-
erably within a range of 0.4 to 0.7, when achieving a semi-
conductor element of the 600 V or 1200 V of withstand
voltage.

Study by the inventors of the present invention has revealed
that, in the configuration disclosed in Patent Literature 2,
although the pair of the GaN layer and the AIN layer located
at the top of the buffer layer functions as the electric-field
control layer in the semiconductor element 100A, it is diffi-
cult to control a warp or a crack since the electric-field relax-
ation layer is configured by single C—GaN, thus the upper
limit of the thickness of the electric-field relaxation layer that
can be grown without producing a crack is 1.2 pm and the
upper limit of the thickness of the buffer layer is approxi-
mately 3.2 pm. This indicates that the conventional technol-
ogy has a problem in two points below. Firstly, in a case where
the electric-field relaxation layer and the buffer layer are
grown to the upper limits, the sum of the thicknesses of the
electric-field relaxation layer and the bufter layer reaches 4.4
um, and this is equivalent to a case of (DISTANCE
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BETWEEN UPPER SURFACE OF ELECTRIC-FIELD
RELAXATION LAYER AND UPPER SURFACE OF
ELECTRIC-FIELD CONTROL LAYER)/(ELECTRIC-
FIELD RELAXATION LAYER+ELECTRIC-FIELD CON-
TROL LAYER+BUFFER LAYER)=0.27, and thus consider-
ing from the result of FIG. 2A, in the configuration disclosed
in Patent Literature 2, the withstand voltage per thickness is
lower than that in a case where there is not the electric-field
control layer. Therefore, it is difficult to achieve, for example,
600 V of withstand voltage. Secondly, although a means of
assuming a configuration may be contrived that is preferable
for improving the withstand voltage per thickness with a
thickness of the buffer layer that is lower than a upper limit,
for example, 1.2 um and with (DISTANCE BETWEEN
UPPER SURFACE OF ELECTRIC-FIELD RELAXATION
LAYER AND UPPER SURFACE OF ELECTRIC-FIELD
CONTROL LAYER)/(ELECTRIC-FIELD RELAXATION
LAYER+ELECTRIC-FIELD CONTROL LAYER+
BUFFER LAYER)=0.5, the sum of the thicknesses of the
electric-field relaxation layer and the buffer layer is 2.4 pm at
maximum since a conventional technology merely achieves
1.2 um as the upper limit of the thickness of the electric-field
relaxation layer, thus a thickness necessary for achieving the
withstand voltage, for example, 600 V or the like cannot be
obtained. As described above, the conventional technology is
considered to be difficult to optimize the (DISTANCE
BETWEEN UPPER SURFACE OF ELECTRIC-FIELD
RELAXATION LAYER AND UPPER SURFACE OF
ELECTRIC-FIELD CONTROL LAYER)/(ELECTRIC-
FIELD RELAXATION LAYER+ELECTRIC-FIELD CON-
TROL LAYER+BUFFER LAYER) and achieve the sum of
the greater thicknesses simultaneously, and thus achieve a
crystal having a desirable withstand voltage.

It is preferable that the resistance in its substrate’s lateral
direction of the electric-field control layer 13 be equal to or
smaller than 10 times the resistance of the electric-field relax-
ation layer 14. FIG. 3A is a view showing a relationship
between a ratio of a resistance of the electric-field control
layer in the substrate’s lateral direction in the semiconductor
element 100A necessary to achieve the semiconductor ele-
ment of the 600V and 1200V of withstand voltage relative to
a resistance of the electric-field relaxation layer. FIG. 3B is a
view showing an equivalent circuit for calculating the rela-
tionship shown in FIG. 3A. An equivalent circuit C2 in FIG.
3B includes a resistance R1 corresponding to a resistance in
the thickness direction of the electric-field relaxation layer 14
below the cathode electrode C, a resistance R2 corresponding
to a resistance in the thickness direction of the electric-field
relaxation layer 14 below the anode electrode A, a resistance
R3 which is equivalent to the sum of the resistance in the
thickness direction of the buffer layer 12 and the resistance in
the thickness direction of the anode electrode A, and a resis-
tance R4 that is equivalent to the resistance in the substrate’s
lateral direction of the electric-field control layer 13 (resis-
tance between, and below, the cathode electrode C and the
anode electrode A).

The value of the (DISTANCE BETWEEN UPPER SUR-
FACE OF ELECTRIC-FIELD RELAXATION LAYER
AND UPPER SURFACE OF ELECTRIC-FIELD CON-
TROL  LAYER)/(ELECTRIC-FIELD RELAXATION
LAYER+ELECTRIC-FIELD CONTROL LAYER+
BUFFER LAYER) was made (DISTANCE BETWEEN
UPPER SURFACE OF ELECTRIC-FIELD RELAXATION
LAYER AND UPPER SURFACE OF ELECTRIC-FIELD
CONTROL LAYER)/(ELECTRIC-FIELD RELAXATION
LAYER+ELECTRIC-FIELD CONTROL LAYER+
BUFFER LAYER)=0.5 that is a configuration capable of

20

25

40

45

50

12

minimizing the sum of the thicknesses necessary for achiev-
ing the desirable withstand voltage. In FIG. 3A, lines [.1 and
L2 indicate total thicknesses respectively that are necessary
for achieving semiconductor elements of 600V and 1200V of
withstand voltages in the configuration of Patent Literature 1
as the conventional technology.

As shown in FIG. 3A, it is preferable that the resistance in
the substrate’s lateral direction of the electric-field control
layer 13 be equal to or smaller than 10 times the resistance of
the electric-field relaxation layer 14 to reduce the necessary
total thickness effectively from the total thickness necessary
in a case of using the conventional technology. It is more
preferable that the resistance in the substrate’s lateral direc-
tion of the electric-field control layer 13 be equal to or smaller
than 0.1 times since the necessary total thickness is mini-
mized. A case where the resistance in the substrate’s lateral
direction of the electric-field control layer 13 is equal to or
smaller than one time the resistance of the electric-field relax-
ation layer 14 is preferable since the necessary total thickness
is equal to or smaller than an approximate intermediate value
between the total thickness that is necessary in a case of using
the conventional technology and the minimum value of the
necessary total thickness.

The 600 V and 1200 V of withstand voltages in FIGS. 2A
and 3 A are mere examples and other withstand voltage values
tend to be similar to those in FIGS. 2A and 3A.

The electric-field relaxation layer 14 is made by two layers
that are different in their layer structures from each other, i.e.,
afirst electric-field relaxation layer 14a and a second electric-
field relaxation layer 145. The first electric-field relaxation
layer 14ais further made by a plurality of layers. Hereby since
a warp or a crack is controlled more easily when achieving
thicknesses of layers than in a case of configuring the same
thickness of electric-field relaxation layer with a single layer
made of GaN layer or the like, it is easier to make the value of
the (DISTANCE BETWEEN UPPER SURFACE OF ELEC-
TRIC-FIELD RELAXATION LAYER AND UPPER SUR-
FACE OF ELECTRIC-FIELD CONTROL LAYER)/(ELEC-
TRIC-FIELD RELAXATION LAYER+ELECTRIC-FIELD
CONTROL LAYER+BUFFER LAYER) in FIG. 2A withina
preferable range of 0.4 to 0.7.

In order to restrain a leakage current at a time of applying
a withstand voltage (Vb) required for the semiconductor ele-
ment 100A equal to or under a required current value (IL), it
is preferable that the resistances of the electric-field relax-
ation layer 14 and the buffer layer 12 per a unit thickness be
greater than Vb/(IL-dt) that is a value obtained by dividing
Vb/IL with a sum dt of a thickness of the active layer 15, the
thickness of the electric-field relaxation layer 14, the thick-
ness of the electric-field control layer 13, and the thickness of
the buffer layer 12.

For example, in a case of attempting to produce the semi-
conductor element 100A of a 600 V of withstand voltage and
90 pA of leakage current value so that the horizontal axis in
FIG. 2A satisfies to be within an area of 0.4 to 0.7, it is
preferable that the resistances of the electric-field relaxation
layer 14 and the buffer layer 12 per a unit thickness be 1.1
MQ/um to 1.7 MQ/um.

In consideration of the above-described condition for the
resistance per a unit thickness combined with the result in
FIG.2A, itis preferable that arelationship of 0.3=a/(a+b)=<0.8
hold true, it is more preferable that a relationship of 0.3=a/
(a+b)=0.7 hold true, and it is furthermore preferable that a
relationship of 0.4=<a/(a+b)=<0.7 hold true where a thickness a
indicates an area, including the active layer 15 and the elec-
tric-field relaxation layer 14, of which resistance per a unit
thickness is greater than a value indicated by Vb/(IL-dt) and a
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thickness b indicates an area, including the electric-field con-
trol layer 13 and the buffer layer 12, of which resistance per a
unit thickness is greater than a value indicated by Vb/(IL-dt).

Although there may be, for example, carbon doping as a
means of increasing resistances of the electric-field relaxation
layer 14, the electric-field control layer 13, and the buffer
layer 12, it is preferable that the carbon densities of the
electric-field relaxation layer 14, the electric-field control
layer 13, and the buffer layer 12 be within a range of 1x10"®
cm™ to 1x10%° cm™. If the carbon density is equal to or
greater than 1x10™® cm™, it is preferable because the resis-
tance per a unit thickness increases to a necessary value, and
if the carbon density is equal to or lower than 1x10%° cm™>, it
is preferable because a distortion of a crystal lattice does not
grow and from a view point of restraining a crack from being
produced.

In this case, it is preferable that a relationship of 0.3=c/(c+
d)=0.8 hold true, it is more preferable that a relationship of
0.3=c/(c+d)=<0.7 hold true, and it is furthermore preferable
that a relationship of 0.4=a/(c+d)=<0.7 hold true where ¢ indi-
cates a thickness of an area, including the active layer 15 and
the electric-field relaxation layer 14, of which carbon density
is 1x10*® em ™ to 1x10° cm™>, and d indicates a thickness of
an area, including the electric-field control layer 13 and the
buffer layer 12, of which carbon density is 1x10'® cm® to
1x10%° cm™>.

A method of producing the semiconductor element 100A
according to the above-described embodiment 1 will be
exemplified as follows.

At first, the buffer layer 12, the electric-field control layer
13, and the electric-field relaxation layer 14 are subjected to
epitaxial growth in this order on the substrate 11 by using an
MOCVD method. For amaterial gas for growing a layer made
of' GaN, trimethylgallium (TMG) and ammonia (NH;) can be
used. For a material gas for growing a layer made of AIN,
trimethylaluminium (TMA) and NH; can be used. For
example, 900 to 1000 degrees of crystal growth temperature
is preferable for any one of the layers. By using the above-
described material gas, carbon contained in the material gas is
doped during the crystal growth.

Next, the active layer 15 is subjected to epitaxial growth on
the electric-field relaxation layer 14. For the material gas for
growing the layer made of GaN, TMG and NH; can be used.
For a material gas for growing a layer made of AlGaN, TMG,
TMA, and NH; can be used. For example, 1000 to 1050
degrees of crystal growth temperature is preferable for any
one of the layers.

Next, the anode electrode A and the cathode electrode C are
formed on the active layer 15. For example, a sputtering
method can be used for forming each electrode. It is prefer-
able that the cathode electrode C formed by using the sput-
tering method or the like be subjected to annealing within a
temperature range of, for example, 500 to 700 degrees for
reducing a contact resistance to the 2 DEG.

As described above, the semiconductor element 100A
according to the present embodiment 1 is capable of reducing
the total thickness of the nitride semiconductor layers relative
to the necessary withstand voltage; and thus, production cost
therefor is reduced.

Embodiment 2

FIG. 4 is a schematic cross section of a semiconductor
element according to an embodiment 2. A semiconductor
element 100B is a High Electron Mobility Transistor
(HEMT) type of field effect transistor (FET) including a
source electrode S, a gate electrode G, and a drain electrode D
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in place of the anode electrode A and the cathode electrode C
of'the semiconductor element 100A according to the embodi-
ment 1.

The source electrode S and the drain electrode D formed on
the electron supply layer 155 of the active layer 15 form an
ohmic contact with the 2-DEG channel of the active layer 15.
The source electrode S and the drain electrode D are config-
ured by, for example, an Ni/Au/Ti structure (configuration of
the thicknesses is, for example, 100 nm/250 nm/20 nm). The
gate electrode G formed on the electron supply layer 155 of
the active layer 15 forms a Schottky contact with the active
layer 15. The gate electrode G is disposed between the source
electrode S and the drain electrode D. The gate electrode G is
configured by, for example, a Ti/Al structure (configuration
of the thicknesses is, for example, 25 nm/200 nm).

The semiconductor element 100B according to the present
embodiment 2 obtains an effect, similar to that of the semi-
conductor element 100A, i.e., of reducing the total thickness
of the nitride semiconductor layers relative to the necessary
withstand voltage; and thus a production cost therefor is
reduced.

Embodiment 3

FIG. 5 is a schematic cross section of a semiconductor
element according to an embodiment 3. A semiconductor
element 100C is an MOS-type of FET in which a gate insu-
lating film I is formed between the source electrode S and the
drain electrode D on the electron supply layer 156 of the
active layer 15 of the semiconductor element 100B according
to the embodiment 2 and the gate electrode G forms a Schot-
tky contact with the gate insulating film I. The gate insulating
film I is made of, for example, an SiO, film having a thickness
of 30 nm to 60 nm.

The semiconductor element 100C according to the present
embodiment 3 obtains an effect, similar to that of the semi-
conductor element 100A, i.e., reducing the total thickness of
the nitride semiconductor layers relative to the necessary
withstand voltage; and thus a production cost therefor is
reduced.

Embodiment 4

FIG. 6 is a schematic cross section of a semiconductor
element according to an embodiment 4. In a semiconductor
element 200A, the semiconductor multi-layer substrate 10 of
the semiconductor element 100A according to the embodi-
ment 1 is replaced with a semiconductor multi-layer substrate
20. In the semiconductor multi-layer substrate 20, the elec-
tric-field relaxation layer 14 of the semiconductor multi-layer
substrate 10 is replaced with an electric-field relaxation layer
24.

The electric-field relaxation layer 24 includes a first elec-
tric-field relaxation layer 24a and a second electric-field
relaxation layer 245 formed on the first electric-field relax-
ation layer 24a. The first electric-field relaxation layer 24a
includes AlGaN layers 24aa, 24ab, and 24ac formed on the
electric-field control layer 13 in this order. On the other hand,
the second electric-field relaxation layer 245 is a single layer
made of C—GaN. The second electric-field relaxation layer
24b can be of a configuration similar to that of the second
electric-field relaxation layer 144 illustrated in FIG. 1.

The AlGaN layers 24aa, 24ab, and 24ac are configured so
that Al composition decreases from the substrate 11 side
toward a surface direction (active layer 15 side) (i.e., a band-
gap becomes narrow). The Al composition in each layer of the
AlGaN layers 24aa, 24ab, and 24ac may be uniform, or may
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decrease toward the active layer 15 side in each layer. It is
preferable that the Al composition vary between 20% and 0%.
As described above, by configuring the first electric-field
relaxation layer 24a with the AlGaN layer having the com-
position of which Al composition decreases toward the sur-
face direction (active layer 15 side), a crack or a warp can be
restrained from being produced.

The electric-field relaxation layer 24 is configured with
two layers, i.e., the first electric-field relaxation layer 24a and
the second electric-field relaxation layer 245. The first elec-
tric-field relaxation layer 24a is further made by a plurality of
layers. Hereby since a warp or a crack is controlled more
easily when achieving thicknesses of layers than in a case of
configuring the same thickness of electric-field relaxation
layer with a single layer made of GaN layer or the like, it is
easier to make the value of the (DISTANCE BETWEEN
UPPER SURFACE OF ELECTRIC-FIELD RELAXATION
LAYER AND UPPER SURFACE OF ELECTRIC-FIELD
CONTROL LAYER)/(ELECTRIC-FIELD RELAXATION
LAYER+ELECTRIC-FIELD CONTROL LAYER+
BUFFER LAYER) in FIG. 2A within a preferable range.

The semiconductor element 200 A according to the present
embodiment 4 obtains an effect, similar to that of the semi-
conductor element 1004, i.e., of reducing the total thickness
of the nitride semiconductor layers relative to the necessary
withstand voltage; and thus a production cost therefor is
reduced.

The number of the AlGaN layers forming the first electric-
field relaxation layer 24a is not limited to three and may be
equal to or greater than one. A profile of a decrease in the Al
composition is not limited specifically and may be any one of,
for example, a step-wise manner or a continuous manner.

Embodiment 5

FIG. 7 is a schematic cross section of a semiconductor
element according to an embodiment 5. A semiconductor
element 200B is an HEMT type of FET including the source
electrode S, the gate electrode G, and the drain electrode D in
place of the anode electrode A and the cathode electrode C of
the semiconductor element 200A according to the embodi-
ment 4.

The semiconductor element 200B according to the present
embodiment 5 obtains an effect, similar to that of the semi-
conductor element 2004, i.e., reducing the total thickness of
the nitride semiconductor layers relative to the necessary
withstand voltage; and thus a production cost therefor is
reduced.

Embodiment 6

FIG. 8 is a schematic cross section of a semiconductor
element according to an embodiment 6. A semiconductor
element 200C is an MOS-type of FET in which the gate
insulating film I is formed between the electron supply layer
1554 of the active layer 15 and the gate electrode G of the
semiconductor element 200B according to the embodiment 5.

The semiconductor element 200C according to the present
embodiment 6 obtains an effect, similar to that of the semi-
conductor element 2004, i.e., reducing the total thickness of
the nitride semiconductor layers relative to the necessary
withstand voltage; and thus a production cost therefor is
reduced.

Embodiment 7

FIG. 9 is a schematic cross section of a semiconductor
element according to an embodiment 7. In a semiconductor
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element 300A, the semiconductor multi-layer substrate 10 of
the semiconductor element 100A according to the embodi-
ment 1 is replaced with a semiconductor multi-layer substrate
30. In the semiconductor multi-layer substrate 30, the elec-
tric-field relaxation layer 14 of the semiconductor multi-layer
substrate 10 is replaced with an electric-field relaxation layer
34.

The electric-field relaxation layer 34 includes a C—GaN
layer 34a, an AlN layer 345 formed on the C—GaN layer 34a,
and a C—@GaN layer 34¢ formed on the AIN layer 345.

It is preferable that the thickness of the AIN layer 345 be
within a range of 0.5 nm to 20 nm. By making the thickness
equal to or smaller than 20 nm, an equipotential plane is
prevented from being formed by a 2 DEG produced at an
interface of the AIN layer 345 with the C—GaN layers 34a
and 34c. Since, if the equipotential plane is produced on the
electric-field relaxation layer, a relationship between the
thickness of the electric-field relaxation layer and the thick-
ness of the buffer layer, that is necessary for optimizing the
withstand voltage per the thickness shown in FIG. 2A may
break and a desirable effect cannot be obtained sometimes,
the above-described thickness is preferable.

The semiconductor element 300 A according to the present
embodiment 7 obtains an effect, similar to that of the semi-
conductor element 100A, i.e., reducing the total thickness of
the nitride semiconductor layers relative to the necessary
withstand voltage; and thus a production cost therefor is
reduced.

Embodiment 8

FIG. 10 is a schematic cross section of a semiconductor
element according to an embodiment 8. A semiconductor
element 300B is an HEMT-type of FET including the source
electrode S, the gate electrode G, and the drain electrode D, in
place of the anode electrode A and the cathode electrode C of
the semiconductor element 300A according to the embodi-
ment 7.

The semiconductor element 300B according to the present
embodiment 8 obtains an effect, similar to that of the semi-
conductor element 300A, i.e., reducing the total thickness of
the nitride semiconductor layers relative to the necessary
withstand voltage; and thus a production cost therefor is
reduced.

Embodiment 9

FIG. 11 is a schematic cross section of a semiconductor
element according to an embodiment 9. A semiconductor
element 300C is an MOS-type of FET in which the gate
insulating film I is formed between the electron supply layer
155 and the gate electrode G of the semiconductor element
300B according to the embodiment 8.

The semiconductor element 300C according to the present
embodiment 9 obtains an effect, similar to that of the semi-
conductor element 300A, i.e., reducing the total thickness of
the nitride semiconductor layers relative to the necessary
withstand voltage; and thus a production cost therefor is
reduced.

Embodiment 10

FIG. 12 is a schematic cross section of a semiconductor
element according to an embodiment 10. A semiconductor
element 300D is an SBD in which, in the semiconductor
element 100A according to the embodiment 1, a field plate
layer 36 is formed on the electron supply layer 156 of the
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active layer 15 to contact the anode electrode A, a protection
film P is formed to cover a surface of the active layer 15
between the anode electrode A and the cathode electrode C
and a part of a surface of the field plate layer 36, and the anode
electrode A is formed to override stepwise on the protection
film P. The protection film P is made of, for example, an SiO,
film. The field plate layer 36 is made of a nitride semiconduc-
tor material of which band-gap energy is lower than that of the
electron supply layer 1554, for example, GaN. Also in the
semiconductor element 300D, L as an inter-electrode dis-
tance indicates a distance between ends of portions, contact-
ing the active layer 15, of the two electrodes (the anode
electrode A and the cathode electrode C).

The semiconductor element 300D according to the present
embodiment 10 obtains an effect, similar to that of the semi-
conductor element 3004, i.e., reducing the total thickness of
the nitride semiconductor layers relative to the necessary
withstand voltage; and thus a production cost therefor is
reduced.

Moreover, in the semiconductor element 300D, the field
plate layer 36 reduces the density ofthe 2 DEG at the interface
of'the electron transit layer 154 with the electron supply layer
1556 immediately below the field plate layer 36. Therefore, the
2 DEG becomes depleted easily by a low voltage when a
reverse voltage is applied. Since the anode electrode A is in a
stepped shape having a plurality of steps and has a plurality of
corner portions at which an electric field intensity tends to
increase, the electric field is dispersed at these corner por-
tions; thus a peak electric field intensity is lowered. As a
result, the semiconductor element 300D becomes an element
of which withstand voltage is improved.

By the way, the inventors of the present invention con-
firmed that, in a case where, for example, the semiconductor
element 100A according to the embodiment 1 is pulse-driven
by grounding the anode electrode A and the substrate 11 at the
backside to be equipotential and applying, for example, 600V
of high voltage stress, there is a phenomenon that a current
collapse component recovering at 10 pus order is revealed.

From an assiduous study, the inventors of the present
invention assumed that, in the case of grounding the anode
electrode A and the substrate 11 at the backside to be equi-
potential, the 2 DEG as a path of an electric current produced
in the active layer 15 is extracted from a side of the buffer
layer 12 and becomes depleted easily, and then, an electric
field concentration occurs at the end of the cathode electrode
C. The inventors of the present invention assumed that the
electric field concentration at the end of the cathode electrode
C produces the current collapse component recovering at 10
us order.

The inventors of the present invention assumed that the
depletion by the extraction of the 2 DEG occurs when a
condenser formed between the electric-field control layer 13
and the electron supply layer 155 is charged. The inventors of
the present invention considered that, since the 2 DEG does
not become depleted completely by making the charge
amount which the condenser can charge lower than the charge
amount of the 2 DEG, the electric field concentration is
restrained at the end of the cathode electrode C, thus the
current collapse component caused by this can be restrained
also.

The following formula indicates a condition that the charge
amount which the condenser can charge is lower than the
charge amount of the 2 DEG. Herein e indicates elementary
charge, n, indicates the concentration of the 2 DEG at an
interface of the electron transit layer 154 with the electron
supply layer 155, d, indicates the thickness of the electron
transit layer 154, d, indicates a distance between an upper

10

15

20

25

30

35

40

45

50

55

60

65

18

surface of the electric-field relaxation layer 14 and an upper
surface of the electric-field control layer 13, € indicates
dielectric constant for the electron transit layer 15a and the
electric-field relaxation layer 14, V indicates an external volt-
age (applied voltage), and V, indicates a potential of the
electric-field control layer 13.

ens =

—8 V-V,
(d0+d1)( -

The above formula is modified to a formula (1). Herein d,
indicates a thickness of the electric-field control layer 13 and
d; indicates a thickness of the buffer layer.

do +d; &
>
dy+dy +ds — eng(dy +dy +d3)

®

V-V

For example, if it is that V=600V, d,=2.4 um, d,+d,=2.2
pm, e=1.6x10"° C, and €=9x8.85x10~'*F/cm, the right-hand
side of a formula (2), which will be explained later, is 0.44 (in
a case where n_ is 1.0x10"* cm™) or 0.55 (in a case where n,
is 0.8x10"® cm™).

Herein the equivalent circuit C1 shown in FIG. 2B is con-
sidered. The resistance R1 is a resistance in the thickness
direction of the electric-field relaxation layer 14 below the
cathode electrode C. The resistance R2 is a resistance in the
thickness direction of the electric-field relaxation layer 14
below the anode electrode A. The resistance R3 is the sum of
the resistance in the thickness direction of the buffer layer 12
and the resistance in the thickness direction of the electric-
field control layer 13.

If a voltage share of the equivalent circuit C1 is calculated,
a following formula holds true where R, R,, and R; are
resistance values for the resistances R1, R2, and R3.

B RoRs
Y= RiR2 + RoRs + R3R;

Itis supposed that the resistances R1, R2, and R3 are of the
same material system and resistivity p are uniform. When
considering resistances R |, R,, and R, perunit area, a formula
below holds true.

Ry=pd,Ry=pdy, Ry=p(datds)

A following formula is derived from the above-described
two formulae. V in this state is determined by the thicknesses
of the buffer layer 12, the electric-field control layer 13, and
the electric-field relaxation layer 14.

d +ds

Viz— 2%
Y d 2+ )

A formula (2) is obtained by substituting the right-hand
side of the formula (1) with the above-described formula.

& &

2)
- WV -V)y= - . (
ens(di +da +d3) ( v ens(di +dy +d3)

v dy +d3 v
( T d +20dy + ds) ]
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-continued
£

Teng(di + o +ds)
dy+dy+ds
dy +2(dy + d3)

& 1
=V,
eng dy +2(dy + ds)

do +d; &
——— > —
dy+dy+d;s  eng
L \4
dy +2(dy + d3)

That is, the formula (2) holds true in a case where V| is
determined by the thicknesses of the buffer layer 12, the
electric-field control layer 13, and the electric-field relaxation
layer 14.

On the other hand, in a case where V| is determined by a
midpoint potential, the formula (1) becomes a formula (3)
below.

d0+d1 . & |4
dl +d2 +d3 - enx(dl +d2+d3) 2

©)

If the 2 DEG is made not depleted completely, since the
depletion layer does not reach the end of the cathode electrode
(or the end of'the drain electrode), a formula below holds true.

&V
eNg

Lo =

An on-resistance value of the semiconductor element is
indicated by a formula below.

c
o sheet

w

Therefore, a formula below is derived from the condition
that the on-resistance of the semiconductor element is equal
to or smaller than a specification value of an on-resistance
required for the semiconductor element.

Moreover, a formula (4) is derived from the above-de-
scribed formula.

)

Herein R, [€2] indicates a specification value for an on-
resistance required for the semiconductor element, r,,,
[Q-[O] indicates an average value for a sheet resistance
between the electrodes, N [ecm™] indicates a carrier density
converted from the concentration of the 2 DEG, indicating the

number of electrons per a unit area, to the number of carriers
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per a unit volume, [ indicates an inter-electrode distance,
and W indicates a width of an electric path between the
electrodes.

FIG. 13 is a view for explaining a width of an electric path
by using a plan view of the semiconductor element 100A
shown in FIG. 1. L indicates an inter-electrode distance and
corresponds to L. of the formula (4). As shown in FIG. 13,
the width of electric path means the width of the electric path
when an electric current flows between subject electrodes
(herein the anode electrode A and the cathode electrode C). In
a case where the semiconductor element is a field effect
transistor, the subject electrodes are the gate electrode and the
drain electrode.

In the above-described embodiments, the buffer layer may
have a multi-layer structure in which each of Al,Ga, N
(0=u<1) layers of which thicknesses is 0.1 um to 0.8 um and
each of Al Ga, N (0<v=l and u<v) layers of which thick-
nesses is 20 nm to 60 nm are layered several times alternately
and repeatedly. The electric-field control layer may have a
multi-layer structure of a first layer made of AlxGa, N
(0=x<1) and a second layer made of Al Ga, N (0<y<1) hav-
ing a band-gap wider than that of the first layer. The electric-
field relaxation layer may be of a structure in which the
second electric-field relaxation layer is configured by a single
layer made of a single composition, the first electric-field
relaxation layer is configured by a multi-layer structure of a
first portion of which composition is the same as that of the
second electric-field relaxation layer and a second portion of
which composition is different from that of the second elec-
tric-field relaxation layer in an order closer to the substrate,
and the second portion has a thickness so that a resistance in
the substrate’s lateral direction at a portion where the first
portion is connected to the second portion is larger than %10 of
the resistance of the second electric-field relaxation layer. For
example, the first electric-field relaxation layer may have a
multi-layer structure in which each of Al Ga, N (0=z<1)
layers of which thickness is 5 nm to 20 nm and each of
Al, Ga, N (O0<w=l and z<w) layers of which thickness is 5
nm to 20 nm are layered several times alternately and repeat-
edly. The electron supply layer of the active layer is not
limited to a specific composition as long as which has a
band-gap wider than that of the electron transit layer.

Although the substrate is made of Si in the above-described
embodiments, the material for the substrate is not limited
specifically and may be made of a different kind of substrate
such as sapphire, silicon carbide (SiC), or zinc oxide (ZnO).
Materials configuring each layer of the nitride semiconductor
layer are not limited to those of the above-described embodi-
ments and may be selected appropriately from nitride semi-
conductors indicated as Al In Ga, . As PN, (where
O=x<l, O=y=l, x+y=l, O=<u=l, O=v=l, and u+v<1).

The present invention is not limited by the above-described
embodiments. The present invention includes a configuration
of combining each of the above-described elements appropri-
ately. In addition, further effects or modification examples
can be derived by an ordinary skilled person in the art easily.
Therefore, further wide aspects of the present invention are
not limited by the above-described embodiments and can be
modified variously.

INDUSTRIAL APPLICABILITY

As described above, the semiconductor multi-layer sub-
strate and the semiconductor element according to the present
invention are suitable for use in, for example, a power semi-
conductor element.
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REFERENCE SIGNS LIST

10, 20, 30 semiconductor multi-layer substrate

11 substrate

12 buffer layer

124, 12d, 12f, 12/, 135, 34b AIN layer

124, 24aa, 24ab, 24ac AlGaN layer

12¢, 12e, 12g, 13a, 34a, 34c C—GaN layer

13 electric-field control layer

14, 24, 34 electric-field relaxation layer

14a, 24a first electric-field relaxation layer

145, 245 second electric-field relaxation layer

15 active layer

15a electron transit layer

1554 electron supply layer

100A, 100B, 100C, 200A, 200B, 200C, 300A, 300B, 300C
semiconductor element

A anode electrode

C cathode electrode

D drain electrode

G gate electrode

1 gate insulating film

L1, 12 line

S source electrode

The invention claimed is:

1. A semiconductor multi-layer substrate comprising:

a substrate;

a buffer layer formed on the substrate and made of a nitride
semiconductor;

an electric-field control layer formed on the buffer layer
and made of a nitride semiconductor, the electric-field
control layer having conductivity in the substrate’s lat-
eral direction;

an electric-field relaxation layer formed on the electric-
field control layer and made of a nitride semiconductor;
and

an active layer formed on the electric-field relaxation layer
and made of an nitride semiconductor,

wherein a resistance in the substrate’s lateral direction of
the electric-field control layer is equal to or smaller than
10 times a resistance of the electric-field relaxation
layer,

a ratio of an electric field share between the electric-field
relaxation layer and the buffer layer is controlled by a
ratio between a thickness of the electric-field relaxation
layer and a thickness of the buffer layer, and

a ratio of a distance between an upper surface of the elec-
tric-field relaxation layer and an upper surface of the
electric-field control layer relative to a sum of the thick-
nesses of the buffer layer, the electric-field control layer,
and the electric-field relaxation layer is within a range of
0310 0.8.

2. The semiconductor multi-layer substrate according to
claim 1, wherein the ratio of the distance between the upper
surface of the electric-field relaxation layer and the upper
surface of the electric-field control layer relative to the sum of
the thicknesses of the buffer layer, the electric-field control
layer, and the electric-field relaxation layer is within a range
0f0.3100.7.

3. The semiconductor multi-layer substrate according to
claim 1, wherein the ratio of the distance between the upper
surface of the electric-field relaxation layer and the upper
surface of the electric-field control layer relative to the sum of
the thicknesses of the buffer layer, the electric-field control
layer, and the electric-field relaxation layer is within a range
0f0.4t0 0.7.
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4. The semiconductor multi-layer substrate according to
claim 1, wherein a relationship of 0.3=a/(a+b)<0.7 holds true
where a withstand voltage is equal to or greater than Vb, a
leakage current when the voltage Vb is applied is equal to or
smaller than I, dt is a sum of a thickness of the active layer,
the thickness of the electric-field relaxation layer, a thickness
of the electric-field control layer, and the thickness of the
buffer layer, a is a thickness of an area, including the active
layer and the electric-field relaxation layer, of which resis-
tance per thickness is greater than a value indicated as Vb/
(IL-dt), and b is a thickness of an area, including the electric-
field control layer and the buffer layer, of which resistance per
thickness is greater than a value indicated as Vb/(IL-dt).

5. The semiconductor multi-layer substrate according to
claim 1, wherein a relationship of 0.4=a/(a+b)<0.7 holds true
where a withstand voltage is equal to or greater than Vb, a
leakage current when the voltage Vb is applied is equal to or
smaller than I, dt is a sum of a thickness of the active layer,
the thickness of the electric-field relaxation layer, a thickness
of the electric-field control layer, and the thickness of the
buffer layer, a is a thickness of an area, including the active
layer and the electric-field relaxation layer, of which resis-
tance per thickness is greater than a value indicated as Vb/
(IL-dt), and b is a thickness of an area, including the electric-
field control layer and the buffer layer, of which resistance per
thickness is greater than a value indicated as Vb/(IL-dt).

6. The semiconductor multi-layer substrate according to
claim 1, wherein a relationship of 0.3=c/(c+d)=<0.8 holds true
where ¢ is athickness of an area, including the active layer and
the electric-field relaxation layer, of which carbon density is
1x10™® cm™ to 1x10%° cm ™, and d is a thickness of an area,
including the electric-field control layer and the buffer layer,
of which carbon density is 1x10'® cm™ to 1x10?° cm™.

7. The semiconductor multi-layer substrate according to
claim 1, wherein a relationship of 0.3=c/(c+d)=<0.7 holds true
where ¢ is athickness of an area, including the active layer and
the electric-field relaxation layer, of which carbon density is
1x10™® cm™ to 1x10%° cm™, and d is a thickness of an area,
including the electric-field control layer and the buffer layer,
of which carbon density is 1x10**Cm™ to 1x10°° cm™>.

8. The semiconductor multi-layer substrate according to
claim 1, wherein a relationship of 0.4=c/(c+d)=<0.7 holds true
where ¢ is athickness of an area, including the active layer and
the electric-field relaxation layer, of which carbon density is
1x10'® cm™ to 1x10%° cm™3, and d is a thickness of an area,
including the electric-field control layer and the buffer layer,
of which carbon density is 1x10'® cm™ to 1x10?° cm™.

9. The semiconductor multi-layer substrate according to
claim 1, wherein the electric-field control layer has an area of
which resistance is reduced by doping an impurity.

10. The semiconductor multi-layer substrate according to
claim 1, wherein the buffer layer has a structure in which each
of Al,Ga,_ N (0=u<1) layers of which thickness is 0.1 pm to
0.8 um and each of AlvGa, N (0<v=l and u<v) layers of
which thickness is 20 nm to 60 nm are layered several times
alternately and repeatedly.

11. The semiconductor multi-layer substrate according to
claim 1, wherein the active layer has a multi-layer structure of
an electron transit layer and

an electron supply layer being formed on the electron tran-

sit layer and having a band-gap wider than a band-gap of
the electron transit layer.

12. A semiconductor element comprising two or more elec-
trodes formed on the active layer of the semiconductor multi-
layer substrate according to claim 1.

13. The semiconductor element according to claim 12,
wherein the electrodes include a Schottky electrode being
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formed on the active layer and being subjected to Schottky
contact with the active layer and an ohmic electrode formed
on the active layer and being subjected to ohmic contact with
the active layer.

14. The semiconductor element according to claim 12,
wherein the electrodes include two ohmic electrodes being
formed on the active layer and being subjected to ohmic
contact with the active layer and a Schottky electrode being
formed on the active layer, being disposed between the two
ohmic electrodes, and being subjected to Schottky contact
with the active layer.

15. The semiconductor element according to claim 12,
wherein the electrodes include two ohmic electrodes being
formed on the active layer and being subjected to ohmic
contact with the active layer, an insulation film formed on the
active layer and disposed between the two ohmic electrodes,
and an electrode formed on the insulation film.

16. The semiconductor element according to claim 12,
wherein a formula (4) below holds true:

)

where R[] is a specification value for an on-resistance
required for the semiconductor element, r_, ., [€2-[]] is
an average value for a sheet resistance between the elec-
trodes, N [cm™] is an average value for carrier density
between the electrodes, L, _.is an inter-electrode distance
between the electrodes, and W is width of a path of an
electric current between the electrodes.

17. The semiconductor element according to claim 12,
wherein the active layer has a multi-layer structure of an
electron transit layer and an electron supply layer being
formed on the electron transit layer and having a band-gap
wider than a band-gap of the electron transit layer, and

a formula (1) below holds true:

do +d; &
>
dy+dy +ds — eng(dy +dy +d3)

M

vV-vi)

where e is elementary charge, n, is a concentration of
two-dimensional electron gas at an interface between
the electron transit layer and the electron supply layer, d,,
is a thickness of the electron transit layer, d, is distance
between an upper surface of the electric-field relaxation
layer and an upper surface of the electric-field control
layer, d, is a thickness of the electric-field control layer,
d, is a thickness of the buffer layer, ¢ indicates dielectric
constant of the electron transit layer and the electric-
field relaxation layer, V is a voltage applied to the elec-
trode, and V| is potential of the electric-field control
layer.

18. The semiconductor element according to claim 17,

wherein a formula (2) below holds true

d0+d1
di+dr+ds

1 v @
di +2(dr + d3)

&
< —
s

19. The semiconductor element according to claim 17,
wherein a formula (3) below holds true
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d0+d1 . & |4
di+dr+ds  endi+dr+d3) 2

®

20. The semiconductor multi-layer substrate according to
claim 1, wherein the electric-field relaxation layer includes a
first field-relaxing layer and a second field-relaxing layer
being formed on the first field-relaxing layer and having a
layer structure different from a layer structure of the first
field-relaxing layer.

21. The semiconductor multi-layer substrate according to
claim 20, wherein in the electric-field relaxation layer, the
second electric-field relaxation layer is configured by a single
layer made of a single composition, and the first electric-field
relaxation layer is configured by a multi-layer structure of a
first portion of which composition is the same as a composi-
tion of the second electric-field relaxation layer and a second
portion of which composition is different from the composi-
tion of the second electric-field relaxation layer in an order
from a side closer to the substrate, and the second portion has
a thickness so that a resistance in the substrate’s lateral direc-
tion at a portion where the first portion is connected to the
second portion is larger than %o of the resistance of the
second electric-field relaxation layer.

22. The semiconductor multi-layer substrate according to
claim 20, wherein in the electric-field relaxation layer, the
second electric-field relaxation layer is configured by a single
layer made of a single composition, and the first electric-field
relaxation layer has a structure in which each of Al Ga, N
(0=z<1) layers of which thickness is 5 nm to 20 nm and each
of Al Ga,_, N (O<w=1 and z<w) layers of which thickness is
5 nm to 20 nm are layered several times alternately and
repeatedly.

23. The semiconductor multi-layer substrate according to
claim 20, wherein the first field-relaxing layer of the electric-
field relaxation layer is configured by AlGaN having a com-
position in which a band-gap decreases from the substrate
side toward the active layer side.

24. The semiconductor multi-layer substrate according to
claim 23, wherein in the electric-field relaxation layer, the
first field-relaxing layer is made of a plurality of AlGaN layers
having different compositions in which band-gaps are nar-
rowed from the substrate side toward the active layer side.

25. A semiconductor multi-layer substrate according to
claim 1, comprising:

a substrate;

a buffer layer formed on the substrate and made of a nitride

semiconductor;

an electric-field control layer formed on the buffer layer
and made of a nitride semiconductor, the electric-field
control layer having conductivity in the substrate’s lat-
eral direction;

an electric-field relaxation layer formed on the electric-
field control layer and made of a nitride semiconductor;
and

an active layer formed on the electric-field relaxation layer
and made of an nitride semiconductor,

wherein a resistance in the substrate’s lateral direction of
the electric-field control layer is equal to or smaller than
10 times a resistance of the electric-field relaxation
layer,

a ratio of an electric field share between the electric-field
relaxation layer and the buffer layer is controlled by a
ratio between a thickness of the electric-field relaxation
layer and a thickness of the buffer layer, and
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a relationship of 0.3=a/(a+b)=<0.8 holds true where a with-
stand voltage is equal to or greater than Vb, a leakage
current when the voltage Vb is applied is equal to or
smaller than IL, dt is a sum of a thickness of the active
layer, the thickness of the electric-field relaxation layer,
a thickness of the electric-field control layer, and the
thickness of the buffer layer, a is a thickness of an area,
including the active layer and the electric-field relax-
ation layer, of which resistance per thickness is greater
than a value indicated as Vb/(IL-dt), and b is a thickness
of an area, including the electric-field control layer and
the buffer layer, of which resistance per thickness is
greater than a value indicated as Vb/(IL-dt).

26. A semiconductor multi-layer substrate, comprising:

a substrate;

a buffer layer formed on the substrate and made of a nitride
semiconductor;

an electric-field control layer formed on the buffer layer
and made of a nitride semiconductor, the electric-field
control layer having conductivity in the substrate’s lat-
eral direction,
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an electric-field relaxation layer formed on the electric-
field control layer and made of a nitride semiconductor;
and

an active layer formed on the electric-field relaxation layer
and made of an nitride semiconductor,

wherein a resistance in the substrate’s lateral direction of
the electric-field control layer is equal to or smaller than
10 times a resistance of the electric-field relaxation
layer,

a ratio of an electric field share between the electric-field
relaxation layer and the buffer layer is controlled by a
ratio between a thickness of the electric-field relaxation
layer and a thickness of the buffer layer, and

the electric-field control layer has a multi-layer structure
including a first layer made of Al Ga, N (0=x<1) and a
second layer having a band-gap wider than a band-gap of
the first layer and being made of Al Ga, N (0<y=1).
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